ABSTRACT
INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer worldwide, with dietary factors, such as the intake of processed and red meat, accounting for over 30% of total CRC cases (1, 2) . Very recently, the consumption of processed and red meat has been classified as carcinogenic to humans (3), which was attributed to the presence and/or generation of food-borne carcinogens, including N-nitroso compounds and heterocyclic aromatic amines (HCAs) (4, 5) . HCAs are powerful DNA-damaging compounds formed in meat and fish cooked at high temperature (6) . 2-Amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) is the most abundant HCA in food (4) . It undergoes metabolic activation by cytochrome P450 1A2 (CYP1A2) to yield the toxic intermediate 2-hydroxyamino-1-methyl-6-phenylimidazo [4,5-b] pyridine (N-OH-PhIP), which is further acetylated by N-acetyl-transferases (NATs) or sulfonated by sulfotransferases (SULTs) (7) . It has been postulated that these compounds reach the distal colon via the bloodstream and are actively secreted from the distal colon mucosa into the lumen, thereby passing through the stem cell compartment in the colon crypts (8) . Owing to the instability of these esters, a DNA-reactive arylnitrenium ion is released, which forms primarily C8-PhIP-dG adducts (see Supplementary Figure S1A ) (9) . C8-dG-PhIP adducts are bulky DNA lesions that undergo nucleotide excision repair (NER) (10, 11) . Unrepaired C8-PhIP-dG adducts are premutagenic, predominantly causing G:T transversion mutations and single nucleotide deletions (12, 13) . It was reported that cells progressively undergo cell death with increasing PhIP doses, whereas surviving cells exhibit increased muta-tion frequencies as measured at the hprt locus (14) . In addition, an increase in thymidine kinase forward mutations was observed in MCL5 cells at PhIP doses ≥10 M (15) . Several in vivo studies further demonstrated that PhIP induces mammary, prostate and gastrointestinal tumors in rodents (16) (17) (18) , which is consistent with results from epidemiological studies (19, 20) . Molecular modeling and in vitro studies suggest that C8-PhIP-dG adducts block replicative polymerases, enhance the infidelity of replication and may engage error-prone translesion synthesis (21) (22) (23) . Interference with the DNA replication machinery can trigger a cellular stress response, referred to as replication stress. A known trigger of replication stress is DNA damage by halting the replicative polymerase, while the MCM helicase continues unwinding the DNA duplex (24) . This results in the generation of singlestranded DNA (ssDNA), which is rapidly coated by replication protein A (RPA). The ssDNA-RPA complex is then sensed by ATR-interacting protein (ATRIP), which recruits the protein kinase ATR (ATM-and Rad3-related), thereby leading to its activation as key event in the DNA damage response (DDR) (25, 26) . ATR phosphorylates several downstream effector molecules such as the histone 2AX (H2AX), the checkpoint kinase CHK1 and the cell cycle checkpoint protein RAD17 (27) . ATR together with RPA thereby stabilizes stalled or damaged replication forks, activates repair pathways and facilitates the restart of stalled forks (28) . Persistent replication stress can result in fork collapse and generation of DNA double-strand breaks (DSBs) (27) . DSBs are recognized by the tripartite MRN complex, which consists of MRE11, RAD50 and NBS1 (29) . The MRN complex then recruits the apical kinase ATM, which is activated by autophosphorylation at Ser1981 (30) . DNA-PK cs is another apical DDR kinase attracted to DSBs by its interaction with DSB-bound Ku70/80 heterodimer, thereby forming the DNA-PK holoenzyme (31) . Both ATM and DNA-PK cs are integral components of the DDR (31) .
In the present study, we set out to analyze the PhIPdependent activation of the DDR and the role of the apical DDR kinases ATM, ATR and DNA-PK cs in cell survival and genomic stability. Using different cell models, we show that PhIP, upon metabolic activation, generates C8-PhIP-dG DNA adducts and DNA strand breaks. Western blot analyses, confocal microscopy and DNA fiber assays revealed that PhIP and its metabolite N-OH-PhIP provoke replication stress and trigger the ATR-driven DDR. Subsequently, the role of ATR and the other apical DDR kinases ATM and DNA-PK cs were characterized, demonstrating that ATR inhibition together with N-OH-PhIP treatment strongly promotes DSB formation and concomitant ATM-CHK2 activation. Finally, we provide evidence that ATR, but not ATM or DNA-PK cs , confers protection against detrimental replication stress, cell death and chromosomal instability in response to (N-OH)-PhIP.
MATERIALS AND METHODS

Materials
Calf intestine alkaline phosphatase, micrococcal nuclease, calf spleen phosphodiesterase and ribonuclease A (RNase A) were purchased from Sigma (Steinheim, Germany). Proteinase K, HPLC-grade methanol, formic acid and acetic acid were from Carl Roth GmbH (Karlsruhe, Germany). The synthesis of the isotope-labeled reference standard [ 15 N 5 , 13 C 10 ]C8-PhIP-dG was previously described (9) . The CHK1 inhibitor UCN-01 was obtained from Sigma. The ATR inhibitor VE821, the ATM inhibitor KU-55933 and the DNA-PK cs inhibitor NU7026 were from Selleck Chemicals (USA).
Cell lines and culture conditions
V79 Chinese hamster cells and V79-derived cells stably expressing both human cytochrome P450 1A2 (CYP1A2) and human sulfotransferase 1A1 (SULT1A1) (32) , designated V79 CS, were kindly provided by Hans-Ruedi Glatt (German Institute of Human Nutrition, Potsdam-Rehbrücke, Germany). Cells were obtained in 2014 and authenticated by their fibroblast-like morphology and differential response to PhIP. Cells were maintained in DMEM-Ham's F12 medium supplemented with 5% FBS, 100 U/ml penicillin and 100 g/ml streptomycin. Caco-2 human colorectal cancer cells were obtained from CLS Cell Lines Service (Eppelheim, Germany) in 2012. Caco-2 cells were reauthenticated by their p53 status and typical enterocytelike morphology, which was regularly assessed by light microscopy. The colorectal carcinoma cell line HCT116 (p53 +/+ , DNA-PK cs +/+ ; designated as wildtype (WT)) as well as their isogenic counterparts HCT116-p53 −/− and HCT116-DNA-PK cs −/− were provided by Dr Bert Vogelstein (John Hopkins University, Baltimore, USA) and Dr Hans Peter Rodemann (Department of Radiation Oncology, University of Tübingen, Germany) in 2012 and 2015, respectively. Cells were re-authenticated by p53 and DNA-PK cs immunoblotting and by their characteristic differential response to 5-FU (WT versus p53 −/− ) and radiomimetics (WT versus DNA-PK cs −/− ). HCT116 cells were maintained in DMEM supplemented with 10% FCS and antibiotics (100 U/mL penicillin and 100 g/ml streptomycin). Non-transformed human colonic epithelial cells (HCEC) were kindly provided by Dr Jerry W. Shay (Department of Cell Biology, UT Southwestern Medical Center, Dallas, USA) in 2015 and maintained as previously described (33) . All cell lines were cultured at 37
• C in a humidified atmosphere of 5% CO 2 and 95% air, except for HCEC that were grown in a nitrogen incubator with reduced oxygen levels. Cell culture medium and supplements were obtained from Gibco Life Technologies (Darmstadt, Germany) unless stated otherwise.
Drugs and drug treatments
PhIP and its metabolite N-OH-PhIP were kindly provided by Dr Albrecht Seidel (Biochemical Institute of Environmental Carcinogens, Großhansdorf, Germany). Both compounds were dissolved in DMSO at a final stock concentration of 30 and 10 mM, respectively. Etoposide (ETO) was obtained from Sigma-Aldrich and dissolved in DMSO to give a stock solution of 10 mM. DMSO was used as solvent control according to its concentration in the respective (N-OH-)PhIP or ETO dose. All inhibitors (ATRi, ATMi, DNA-PK cs i, CHK1i) were dissolved in DMSO at a stock concentration of 10 mM and added to the cells 2 h before and 24 h after treatment with N-OH-PhIP as indicated.
For UV irradiation, medium was removed and cells were irradiated with UV-C (20 J/m 2 ) with a radium NSE 11-270 low pressure UV-C lamp (Philips, Netherlands) (34) . Thereafter, the removed medium was added again and cells were incubated for up to 24 h as indicated.
Detection of C8-PhIP-dG adducts by slot blot analysis DNA adducts were determined in genomic DNA isolated from V79 CS cells using an immunological slot blot assay (35) , which is based on the application of a polyclonal antibody directed against C8-PhIP-dG DNA adducts (Squarix, Marl, Germany). Briefly, cells were treated with (N-OH-)PhIP as described, lysed and subjected to RNase A digestion followed by proteinase K incubation overnight. Genomic DNA was isolated by phenol-chloroform extraction, precipitated with 70% ice-cold ethanol and dissolved in TE buffer pH 7.4. Purity and concentration were determined by UV absorbance using a NanoDrop 2000 (Thermo Scientific, Dreieich, Germany). To determine C8-PhIP-dG DNA adducts, a slot blot assay was performed. Sample DNA was denatured by heating for 10 min at 99
• C followed by the addition of 2 M ammonium acetate. 500 ng of DNA were immediately vacuum-aspirated as triplicates onto a positively charged nylon membrane (GE Healthcare, Munich, Germany) using a slot-blot manifold. The membrane was fixed for 90 min at 90
• C and blocked with 5% (w/v) non-fat dry milk in TBS-T. C8-PhIP-dG DNA adducts were visualized with a polyclonal antibody followed by a secondary peroxidase-coupled antibody and enhanced chemoluminescence detection.
Detection of C8-PhIP-dG adducts by mass spectrometry
Samples containing 10 to 30 g isolated genomic DNA were dried together with 5413 fmol C8-PhIP-dG. The residues were taken up in 28 l water and 8 l of a 100 mM sodium succinate (pH 6.0)/50 mM CaCl 2 solution. Aliquots of 6 l calf spleen phosphodiesterase (4.0 mU/l) and 6 l micrococcal nuclease (200 mU/l) were added and the samples were incubated for 6 h at 37
• C. A volume of 19 l 0.5 M Tris (pH 10.9) and 3 of l shrimp alkaline phosphatase (1 U/l) were added and the incubation was resumed at 37
• C for 14 h. The DNA digests were diluted with 200 l methanol. The mixture was centrifuged and the pellet was extracted with another 200 l methanol. After evaporation of the solvents the residuals were taken up in 50 l methanol. Samples were centrifuged at 15 000 g for 15 min and the supernatant was subjected to isotope dilution UPLC-MS/MS for quantification of C8-PhIP-dG. To this end, an Acquity ultra performance liquid chromatography (UPLC) System (Waters, Eschborn, Germany) with an HSS T3 column (1.8 m, 2.1 × 100 mm, Waters) was used for sample separation. Aliquots of 8 l were injected and eluted with a gradient of water (solvent A) and acetonitrile (solvent B). Both eluents were acidified with 0.25% acetic acid and 0.25% formic acid. Following a washing interval of 1 min at 90% solvent A, the eluent mixture was changed in a linear gradient to 20% solvent A (1-7 min) at 0.35 ml/min flow rate. The UPLC was connected to a Quattro Premier XE tandem quadrupole mass spectrometer (Waters) with an electrospray interface operating in the positive ion mode. The adduct quantification was based on a characteristic molecule fragmentation, the neutral loss of the furanose ring (C8-PhIP-dG, m/z = 490.1 → 374.1; [ 15 N 5 , 13 C 10 ]C8-PhIP-dG, m/z = 505.1 → 384.1). The tune parameters were as follows: temperature of the electrospray source: 110
• C; desolvation temperature: 485 • C; desolvation gas: nitrogen (950 l/h); cone gas: nitrogen (50 l/h); collision gas: argon (indicated cell pressure ∼ 5 × 10 -3 mbar). For the fragmentation of C8-PhIP-dG the collision energy was set to 35 eV. The dwell time was 100 ms and the capillary voltage was 1.0 kV. The cone and RF1 lens voltages were 25 V and 0.1 V, respectively. Data acquisition and handling were performed with MassLynx 4.1 software (Waters). Representative UPLC-MS/MS chromatograms of a digested DNA sample from V79 CS cells incubated with PhIP are shown in the supplementary information (Supplementary Figure  S2A ).
Alkaline and neutral comet assay
Both alkaline and neutral Comet assays were conducted as reported (36) . Comets were analyzed by fluorescence microscopy using a Nikon Microphot-FXA microscope (Perceptive Instruments Ltd., Bury St Edmunds, UK). Fifty cells were scored in each experiment using Comet IV software (Perceptive Instruments Ltd., Bury St Edmunds, UK).
Annexin V/PI staining and analysis of subG1 induction by flow cytometry
Cell cycle distribution and subG1 population were assessed as previously described (37) . Briefly, Caco-2 and HCT116 cells were treated with N-OH-PhIP (5 and 2.5 M, respectively) in the absence or presence of the ATR inhibitor (5 M) for 48 h. Detached cells and trypsinized adherent cells were pooled, harvested by centrifugation and washed twice in PBS. After ethanol precipitation at −20
• C for 1 h, the pellet was resuspended in PBS supplemented with RNase A (20 g/ml) and incubated for 1 h at RT. PI was then added to a final concentration of 10 g/ml and cells were analyzed for DNA content by flow cytometry using FACS Canto II (Becton Dickinson, Heidelberg, Germany). Cell cycle distribution and subG1 population was evaluated with FACS Diva software (BD, Heidelberg, Germany). In order to perform Annexin V/PI staining (38) , cells were treated as described above. After 48 h, detached and adherent cells were harvested, combined and pelleted by centrifugation. Cells were then resuspended in binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 , 0.1% BSA) containing Annexin V labeled with Alexa Fluor 488 (1:20) . After incubation on ice for 15 min, PI (0.5 g/ml) was added and cells were analyzed by flow cytometry using FACS Canto II (Becton Dickinson, Heidelberg, Germany). Gating of healthy living cells (Annexin V/PI-double negative), early apoptotic cells (Annexin V-positive, PI-negative) and late apoptotic/necrotic cells (Annexin V/PI-double positive) was performed with FACS Diva software (see Supplementary Figure S5A and B).
Immunofluorescence
V79 and V79 CS cells grown on cover slips were treated with 5 and 50 M PhIP for 24 h, while Caco-2 cells were incubated with 1 and 10 M N-OH PhIP for up to 44 h. Ionizing radiation (IR) with a Cs 137 source was used as positive control. The analysis of ␥ -H2AX foci was performed as previously described (38) . Briefly, cells were fixed in 4% paraformaldehyde/PBS followed by ice-cold methanol. The samples were blocked in PBS containing 5% BSA and 0.3% Triton X-100. After incubation with a primary antibody targeting histone H2AX phosphorylated at Ser139 (#ab81299; Abcam, Cambridge, UK), the cells were incubated with a secondary antibody coupled to Alexa Fluor 488 (Life Technologies, Darmstadt, Germany). Finally, nuclei were counterstained with TO-PRO-3 (Life Technologies, Darmstadt, Germany) and cells were mounted using Vectashield® (Vector Labs, Burlingame, CA, USA). Confocal microscopy was performed using a Zeiss Axio Observer.Z1 microscope equipped with a LSM710 laserscanning unit (Zeiss, Oberkochen, Germany). Images were acquired in optical sections of 1 m and processed with ImageJ (NIH, USA). The number of ␥ -H2AX-foci per nucleus was quantified with ImageJ (50-100 cells/treatment) and data was evaluated by using the GraphPad Prism software. To detect RPA or phospho-Thr21-RPA foci, cells were fixed in ice-cold methanol/acetone (70:30) at −20
• C followed by another fixation with 4% PFA for 10 min. After three washing steps, cells were blocked with 10% normal goat serum and incubated with a monoclonal RPA antibody (#NA19L; Merck Millipore, Billerica, USA) or a phosphospecific RPA antibody (#ab109394; Abcam, Cambridge, UK). Subsequently, the samples were incubated with an appropriate secondary antibody conjugated with Alexa Fluor 488 (Life Technologies, Darmstadt, Germany), processed and analyzed as described above.
Western blot analysis
SDS-PAGE and subsequent western blot analysis of cells treated with (N-OH-)PhIP were performed as previously described (39) . The following primary antibodies, which were previously validated (38), were used: anti-heat shock protein (Hsp90) ␣/␤ (F8, mouse monoclonal; #sc-13119), anti-p21 (rabbit polyclonal; #sc-397) and anti-p53 (DO-1, mouse monoclonal; #sc-126) (all from Santa Cruz, Heidelberg, Germany), anti-␥ -H2AX (Ser139, rabbit monoclonal; #ab81299) and anti-phospho-RPA (Thr21, rabbit monoclonal; #ab109394) (both from Abcam, Cambridge, UK), anti-phospho-CHK1 (Ser345, rabbit monoclonal; #2348), anti-CHK1 (mouse monoclonal; #2360), anti-phospho-CHK2 (Thr68, rabbit monoclonal; #2197), anti-CHK2 (rabbit polyclonal; #2662) and anti-ATM (rabbit monoclonal; #2873) (all from Cell Signaling Technology, Denvers, UK) and anti-phospho-ATM (Ser1981, mouse monoclonal; #05-740; Millipore, Billerica, USA).
DNA fiber assay
The DNA fiber assay was performed as previously described (40) . Briefly, exponentially growing cells were treated with N-OH-PhIP or ETO in the absence or presence of ATR inhibitor for 14 h, and then pulse-labeled with 25 M 5-chloro-2 -deoxycytidine (CldU; Sigma, Steinheim Germany) followed by labeling with 250 M 5-Iodo-2 -deoxycytidine (IdU; TCI Deutschland, Eschborn, Germany) for 30 min each. Labeled cells were harvested and DNA fiber spreads prepared. Fiber spreads were fixed in methanol:acetic acid mixture (3:1, v/v) and air-dried. For DNA denaturation, slides were rehydrated in H 2 O followed by incubation with 2.5 M HCl for 75 min. After neutralization fiber spreads were incubated for 60 min in blocking buffer (5% goat serum + 1% bovine serum albumin (BSA) in PBS with 0.1% Tween-20). CldU was detected with a monoclonal rat anti-BrdU antibody (#OBT0030G; AbD Serotec, Puchheim, Germany). After post-fixation in 4% paraformaldehyde, the primary antibody was detected by a goat anti-rat fragment [ab´] 2 specific Cy3-coupled secondary antibody (Jackson ImmunoResearch, Europe). After a washing step, a monoclonal mouse antiBrdU ((#347580; Becton-Dickinson, UK) was used to detect IdU, followed by a goat anti-mouse fragment [ab´] 2 specific Alexa488-coupled secondary antibody (Life Technologies, Darmstadt, Germany). Fibers were examined and images captured using a LSM 710 confocal microscopy unit supplied with ZEN 2009 software (Zeiss). CldU (red) and IdU (green) tracks were measured using LSM Image Browser (Zeiss) and micrometer values were converted into kilo base pairs. Different classes of labeled tracks were assessed: green-red-green (first pulse origin), red-green (ongoing replication), red (stalled forks), red-green-red (termination) and green (second pulse origin). At least 150 forks from three independent experiments were analyzed.
Real time cell analysis (RTCA) for monitoring cell growth
Cell growth was continuously monitored in an E-Plate 8 for at least 96 h using the iCELLigence RTCA system (ACEA Biosciences, USA). The background impedance signal was measured with 150 l of cell culture medium followed by the addition of 400 l cell suspension (V79 and V79 CS cells, respectively). 24 h after seeding, 400 l of the cell culture supernatant were replaced by 400 l fresh medium containing different PhIP doses (1, 10 and 50 M) or the DMSO solvent control. After compound administration, impedance was measured every minute for 2 h and then every 30 min until the end of the experiment. The growth curves were evaluated by RTCA Data analysis software 1.0 and were depicted by GraphPad Prism 5.0.
Determination of cell viability by MTS assay
Cell viability was determined with the Cell Titer 96 ® AQueous One Solution Cell Proliferation Assay (Promega, Mannheim, Germay) according to the manufacturer's instructions. To this end, cells grown on 96-well plates were incubated with 10 M N-OH-PhIP for 72 h or the solvent control in the absence or presence of the DDR inhibitors (ATRi, ATMi, DNA-PKi, CHK1i) as indicated. Viability was measured using a 96-well plate reader (Tecan, Crailsheim, Germany).
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Analysis of chromosomal aberrations
HCEC were treated with N-OH-PhIP in the absence or presence of ATR inhibitor for 24 h. Subsequently, demecolcine (75 ng/ml) was added and cells were harvested after additional 14 h of incubation. Chromosome preparations were done according to standard protocols. Briefly, cells were harvested and resuspended in pre-warmed (37
• C) 75 mM KCl solution and incubated for 10 min. Cells were pelleted and fixed in ice-cold methanol:acetic acid mixture (3:1, v/v). The pelleted fixed cells were resuspended in a small volume of freshly prepared ice-cold fixative and dropped onto pre-cleaned, wet ice-cold slides. After being air-dried, the slides were stained in 5% phosphate buffered Giemsa solution. Fifty metaphases per treatment group were evaluated for chromosomal aberrations (n = 3). The following aberrations were scored: chromatid breaks, chromatid translocations (triradials, quadriradials) and intercalary deletions. Gaps were not included in the final evaluation. Aberration frequencies were expressed as aberrations per chromosome and aberrations per metaphase (normalized to the mean number of chromosomes in 50 metaphases of each treatment variant).
Statistical analysis
All experiments were performed independently three times, except otherwise stated. Results from representative experiments are shown. Values are displayed as means + standard errors of the means (SEM) using GraphPad Prism 5.0 Software. Statistical analysis was performed using twosided Student's t-test and statistical significance was defined as P < 0.05.
RESULTS
PhIP generates C8-dG DNA adducts and subsequent DNA strand breaks in metabolically competent fibroblasts and Caco-2 cells
Two V79 hamster fibroblast cell lines, which differ in their ability to catalyze the metabolic activation of PhIP, were used. Parental V79 cells are metabolically deficient, while the derived cell line V79 CS displays both CYP1A2 and SULT1A1 activity required for PhIP activation (Supplementary Figure S1 ) (32) . Initially, V79 CS cells were exposed to 50 M PhIP for up to 48 h and DNA adduct formation was assessed by quantitative LC-MS/MS analysis with an internal isotope-labeled standard. A time-and concentration-dependent increase of C8-PhIP-dG lesions was observed ( Figure 1A and Supplementary Figure S2B) , which was confirmed by slot blot analysis (Supplementary Figure S2C and S2D) . Next, we analyzed whether the induction of C8-PhIP-dG adducts is associated with the generation of DNA strand breaks. Using the alkaline Comet assay, no DNA strand breaks were detectable in both V79 and V79 CS cells following incubation for 8 h ( Figure 1B) . However, after treatment for 24 h, a strong (∼25-fold) increase in DNA strand breaks was observed in V79 CS cells treated with 50 M PhIP, whereas no effect was seen in parental V79 cells ( Figure 1B) . After 48 h, DNA strand break formation markedly dropped in PhIP-treated V79 CS cells, but was still significantly higher than PhIP-treated V79 cells ( Figure 1B) . A dose of 5 M PhIP also caused a higher level of DNA strand breaks in V79 CS cells, which persisted over 48 h (Supplementary Figure S2E) . Subsequently, the formation of ␥ -H2AX, which is catalyzed by both ATM and ATR, was monitored by confocal immunofluorescence microscopy. PhIP (up to 50 M, 24 h treatment) caused a dose-dependent formation of ␥ -H2AX foci in V79 CS cells ( Figure 1C and D) , whereas parental V79 cells displayed no increase in the number of ␥ -H2AX foci (Supplementary Figure S3B) . To further assess the contribution of DSBs to the observed generation of ␥ -H2AX foci, a neutral Comet assay was conducted. As compared to the control, a 7-fold increase in DSB level was found in V79 CS cells exposed to 50 M PhIP (Supplementary Figure S2F) . This indicates that PhIP is able to generate DSBs and, to an even larger extent, SSBs (see Figure 1B) .
In order to translate the data to human colon cells, the DNA damage induction of PhIP was analyzed in Caco-2 cells, an intestinal cell line frequently applied for monitoring luminal gut uptake. These cells are proficient for SULT1A1 activity, but display a low basal level of CYP1A2 (41, 42) . We therefore used the PhIP metabolite N-OH-PhIP, which does not require CYP activity for its activation. Caco-2 cells were incubated with N-OH-PhIP and C8-PhIP-dG adducts were determined by mass spectrometry. A dose of 1 M N-OH-PhIP already induced PhIP adducts in Caco-2 cells after 8 h, followed by a 50% decrease after 24 h, which likely reflects ongoing DNA repair ( Figure 1E) . A higher dose of 10 M triggered about 10-fold higher adducts levels, which persisted over 24 h. DNA adduct formation was clearly associated with the occurrence of DNA strand breaks at a dose of 10 M PhIP ( Figure 1F ). In agreement with the latter finding, a dose of 10 M N-OH-PhIP caused a pronounced increase in the number of ␥ -H2AX foci, which did not change over 44 h ( Figure 1G and Supplementary Figure S3A ). Caco-2 cells treated with 1 M N-OH-PhIP showed an initial increase in ␥ -H2AX foci formation after 8 h and a subsequent gradual decrease over the next 36 h (Supplementary Figure S3B) . Taken together, these results demonstrate that, once metabolically activated, PhIP generates C8-PhIP-dG adducts and subsequently DNA strand breaks with DDR activation.
PhIP provokes replication stress and activates the ATR-CHK1 pathway
In view of the observed PhIP-DNA adduct and subsequent strand break formation, we hypothesized that PhIP may cause replication stress, thereby triggering ATR-dependent signaling. Parental V79 cells and V79 CS cells were incubated with 50 M PhIP over 24 h. Phosphorylation of the primary ATR substrate CHK1 and induction of ␥ -H2AX were not detectable in parental V79 cells (Supplementary Figure S3C, left panel) . Conversely, PhIP clearly triggered CHK1 phosphorylation in V79 CS cells, which was observed as early as 4 h after treatment. This was followed by ␥ -H2AX formation that peaked after 24 h and was accompanied by the induction of the cell cycle regulator p21 (Supplementary Figure S3C , right panel). As in the case of V79 CS cells, N-OH-PhIP caused a dose-dependent phosphory- Images were recorded by confocal microscopy. The number of ␥ -H2AX foci per nucleus were determined as described above (50-100 cells per experiment; n = 3); **P < 0.01, *P < 0.05 versus control. lation of CHK1 in Caco-2 cells (Figure 2A, left panel) . In addition, we observed phosphorylation of CHK2, a known substrate of ATM, and a dose-dependent increase in ␥ -H2AX levels ( Figure 2A) . As a positive control, we included the topoisomerase II-inhibitor etoposide (ETO) at a dose of 5 M. ETO is an anticancer agent known to activate both ATM and ATR signaling due to the generation of DNA strand breaks and interference with the replication machinery (43) . Furthermore, a comparable pattern of CHK1 and CHK2 activation following N-OH-PhIP treatment was observed in HCT116 colorectal cancer cells (Figure 2A , middle panel) and in non-transformed human colonic epithelial cells (HCEC; Figure 2A, right panel) . Notably, ␥ -H2AX levels were very low in HCEC exposed to N-OH-PhIP. The total level of CHK1 was not changed by N-OH-PhIP treatment in all cell lines tested, whereas ETO reduced the total CHK1 level in HCEC despite a strong increase in pCHK1. The level of total CHK2 was not affected in HCT116 cells and HCEC by incubation with N-OH-PhIP or ETO, while a lower basal CHK2 level was detected in untreated Caco-2 cells.
In order to assess the kinetics of the ATR-CHK1 signaling, Caco-2 and HCT116 cells were exposed to N-OH-PhIP or irradiated with UV-C (20 J/m 2 ) and incubated for up to 24 h. In both cell lines, phosphorylation of CHK1 was detected as early as 2 h following N-OH-PhIP treatment and peaked after 14 h ( Figure 2B ). yH2AX levels increased in a time-dependent manner with a maximum 14 h after the addition of N-OH-PhIP. This kinetic correlated well with N-OH-PhIP-induced DNA damage (see Figure 1 ). In contrast, UV irradiation caused an immediate phosphorylation of CHK1, which reached very high levels already after 2 h and then declined ( Figure 2B ). ␥ -H2AX increased in a timedependent manner, reaching a plateau after 24 h in Caco-2 cells, while levels dropped in HCT116 cells ( Figure 2B ). Collectively, the data show that ATR-mediated DDR following UV exposure occurred much earlier than that induced by N-OH-PhIP, which is attributable to the immediate generation of DNA damage by UV light, such as cyclobutane pyrimidine dimers and (6-4) photoproducts.
To address the role of replication in ATR activation and yH2AX formation, cells were maintained in serumdeprived medium with 0.25% FCS for 24 h, causing an accumulation of cells in G1 phase with a concomitant decrease in S-phase (24% to 9%) ( Figure 2C and Supplementary Figure S4A) . The serum-starved cells showed reduced pCHK1 and ␥ H2AX levels following both N-OH-PhIP and ETO treatment ( Figure 2D ) as compared to cells grown in normal growth medium, indicating that ATR activation occurs in a replication-dependent manner. To detail the role of N-OH-PhIP-induced DNA damage during replication, the formation of RPA foci was studied. RPA rapidly binds to single stranded DNA (ssDNA) generated at stalled replication forks and is necessary for ATR activation (25) . While untreated cells displayed only a small number of RPA foci, N-OH-PhIP caused a considerable increase in the number of RPA foci ( Figure 3A and B) supporting the notion that PhIP induces replication stress. To address this aspect in more detail, a DNA fiber assay was used. Caco-2 cells were incubated with 10 M N-OH-PhIP for 14 h and then pulse-labeled with the thymidine analogues CldU and IdU for 30 min each. The prepared DNA fibers were labeled with antibodies directed against CldU and IdU followed by confocal microscopy, which allows for the determination of replication fork speed and the assessment of different replication structures. Incubation with N-OH-PhIP caused a strong reduction in the average fork speed, the effect being even higher than in ETO-treated cells ( Figure 3C and Supplementary Figure S3D) . Further analysis revealed that N-OH-PhIP increased the number of stalled replication forks, while it reduced the number of ongoing forks ( Figure 3E and F) . In line with these findings, a dose of 50 M PhIP potently decreased proliferation in metabolically proficient V79 CS cells as shown by real-time analysis of cell growth ( Figure 3F ). In contrast, parental V79 cells incubated with PhIP exhibited normal growth and were only marginally affected at the highest PhIP dose (50 M) (Supplementary Figure S3E ). Collectively, the results provide evidence that PhIP-induced DNA damage blocks DNA replication, which elicits ATR-CHK1 signaling with a concomitant formation of RPA foci and an activation of the ATM-CHK2 signaling.
Inhibition of ATR potentiates PhIP-induced DSBs and promotes ATM activation and RPA phosphorylation
Since ATR plays an important role in the cellular response to replication stress, we set out to determine the effects of ATR inhibition. Caco-2 cells were incubated with N-OHPhIP in the presence or absence of the selective ATR inhibitor VE821. Western blot analysis revealed that ATR inhibition strongly reduced the phosphorylation of CHK1 upon N-OH-PhIP treatment, demonstrating the effectiveness of the inhibitor ( Figure 4A and C) . Next, we determined the influence of ATR inhibition on DDR signaling and found a strong activation of the ATM pathway, as evidenced by increased phosphorylation of both ATM and CHK2 ( Figure 4B ). In agreement with this observation, the levels of ␥ -H2AX also greatly increased in drug and inhibitor co-treated cells ( Figure 4B ). The same set of experiments was conducted in non-transformed HCEC, also showing an elevated ATM and H2AX phosphorylation following ATR inhibition ( Figure 4C ).
Given that ATM is activated by DSBs, we hypothesized that ATR inhibition leads to enhanced DSB formation due to the collapse of stalled replication forks. The DSB level was already elevated by exposure of Caco-2 cells to N-OHPhIP ( Figure 4D ). However, upon ATR inhibition, DSB induction by N-OH-PhIP was almost doubled. We also analyzed the phosphorylation of the RPA32 subunit at Thr21, which is mainly catalyzed by DNA-PK (43). DNA-PK is known to be activated following recruitment to the Ku heterodimer at the free ends of a DSB (44). Cells exposed to N-OH-PhIP showed a slight increase of phosphorylated RPA (pRPA), while concomitant inhibition of ATR by VE821 highly stimulated RPA phosphorylation at Thr21 ( Figure  4E ). The same response was observed in HCEC (Supplementary Figure S4B ). The findings were further substantiated by confocal immunofluorescence microscopy. An enhanced formation of pRPA foci was observed after the combined treatment of Caco-2 cells with N-OH-PhIP and VE821 ( Figure 4F and G) . Taken together, the inhibition of ATR signaling resulted in significantly enhanced DSB levels and upregulation of the ATM pathway following N-OHPhIP treatment.
Involvement of the DDR kinases ATM and DNA-PK cs in PhIP-triggered replication stress
Next, we tested whether inhibition of the other PIKKs, ATM and DNA-PK cs , may affect the DDR triggered by N-OH-PhIP in Caco-2 cells. Abrogation of ATM signaling by the specific inhibitor KU55933 did not alter CHK1 and RPA phosphorylation in response to N-OH-PhIP, but suppressed CHK2 phosphorylation as expected ( Figure 5A ). N-OH-PhIP-induced phosphorylation of H2AX rather increased after treatment of cells with the ATM inhibitor ( Figure 5A, bottom panel) , which may point to the involvement of the DDR kinases ATR and DNA-PK. Furthermore, blocking of DNA-PK with the inhibitor NU7026 revealed an attenuated CHK1 phosphorylation following N-OH-PhIP treatment, while CHK2 phosphorylation was increased ( Figure 5B ). Phospho-modification of RPA and Impact of DNA-PK inhibition on cell viability. Cells were incubated as described above with or without DNA-PK inhibitor (DNA-PKi) NU7026 for 72 h and viability was determined (n = 6); ns: not significant. (E) Impact of DNA-PK cs deficiency on cell viability. HCT116 cells proficient in DNA-PK cs (WT) and deficient in DNA-PK cs (DNA-PK cs −/− ) were treated with or without 10 M N-OH-PhIP and viability was measured after 72 h (n = 3); ns: not significant. H2AX was not altered by the combined treatment of N-OH-PhIP and the DNA-PK inhibitor ( Figure 5B , bottom panel). We also determined whether the inhibition of ATM and DNA-PK would have an impact on cell viability following N-OH-PhIP treatment. The ATM inhibitor KU55933 did not sensitize cells to N-OH-PhIP, thereby indicating that ATM is dispensable for cell survival after N-OH-PhIPtriggered replication stress ( Figure 5C ). Next, the role of DNA-PK cs was addressed in Caco-2 cells using the DNA-PK inhibitor NU7026 ( Figure 5D ), and in isogenic HCT116 cells proficient or deficient for DNA-PK cs ( Figure 5E ) , revealing no significant differences in viability ( Figure 5D and E). Taken together, these experiments revealed a minor role of both ATM and DNA-PK cs in the PhIP-induced replication stress response.
ATR promotes cell survival upon PhIP-triggered replication stress
We then wished to address the cellular consequences of ATR inhibition. Caco-2 cells were treated with 5 M N-OH-PhIP for 48 h with or without the ATR inhibitor VE821. N-OH-PhIP caused some cell rounding and detachment, which was greatly enhanced in the presence of the ATR inhibitor, thus pointing to the activation of cell death pathways ( Figure 6A ). These dramatic morphological changes were also observed in HCT116 cells treated with N-OH-PhIP and ATRi (Supplementary Figure S5A) . Moreover, N-OH-PhIP led to an increase of the subG1 population, which is indicative of apoptotic cell death and was more pronounced in Caco-2 cells. This effect was strongly increased in both cell lines by the concomitant ATR inhibition, 60% of cells being in the subG1 phase ( Figure 6B and Supplementary Figure S5A and SB). Annexin V/PI staining revealed that N-OH-PhIP increased both early apoptotic and late apoptotic/necrotic cell populations. Concomitant ATR inhibition potentiated cell death and particularly enhanced the population of Annexin V/PI-double positive cells, representing late apoptotic and necrotic cells (Supplementary Figure S5C and D) , In line with these findings, the viability of Caco-2 cells strongly decreased after incubation with N-OH-PhIP and the ATR inhibitor for 72 h ( Figure 6C ). Consistent with these results, inhibition of the ATR substrate CHK1 by the compound UCN-01 also moderately enhanced the cytotoxicity of N-OH-PhIP (Figure 6C) . As observed in the CRC cell lines, pharmacological abrogation of ATR signaling greatly sensitized nontransformed HCEC to N-OH-PhIP, as reflected by morphological changes and a strong decrease in viability (Figure 6D and E) . Finally, the role of the tumor suppressor p53 was addressed using isogenic HCT116 cells proficient or deficient in p53. Both N-OH-PhIP and ETO clearly led to a p53 accumulation and concomitant induction of its downstream target p21, which was completely absent in p53-lacking cells ( Figure 6F, left panel) . Induction of p53 and p21 by N-OH-PhIP was also confirmed in HCEC (Figure 6F, right panel) . p53-deficient HCT116 cells displayed a slightly higher viability upon N-OH-PhIP exposure as compared to their wildtype counterparts (93% vs. 83%), which was not statistically significant ( Figure 6G ). This little difference disappeared in the presence of ATRi, which strongly reduced viability in both cell lines to the same extent. In summary, the data revealed that ATR is crucial for the protection against PhIP-induced replication stress and cytotoxicity.
ATR maintains chromosomal stability following PhIPinduced replication stress
In order to assess the significance of ATR in the maintenance of chromosomal stability, non-transformed HCEC displaying a normal karyotype were incubated with 2.5 M N-OH-PhIP in the presence or absence of ATRi. After 24 h, cells were treated with demecolcine for 14 h and harvested.
Prepared metaphase spreads were stained with Giemsa and analyzed for chromosomal aberrations by light microscopy. Representative metaphase spreads are depicted in Figure  7A . Control cells displayed a very low frequency of aberrations, while N-OH-PhIP alone slightly increased the cell population with aberrations and the number of aberrations per metaphase ( Figure 7B and C) . The pharmacological inhibition of ATR markedly increased the frequency of chromosomal aberrations ( Figure 7B and C) . This highlights the important role of ATR in maintaining genomic stability even in the absence of induced replication stress. Intriguingly, concomitant ATR inhibition and N-OH-PhIP treatment strongly potentiated both the frequency of cells with aberrations and the number of aberrations per metaphase spread ( Figure 7B and C) . This finding together with the observed elevated DSB levels upon ATR inhibition ( Figure  4) demonstrates that ATR is essential to limit replication fork collapse, DSB formation and subsequent chromosomal instability following PhIP exposure. A model of PhIPtriggered replication stress and DNA damage response is outlined in Figure 7D , which highlights the importance of ATR in preserving chromosomal stability and promoting cell survival in response to PhIP.
DISCUSSION
This study focused on the food-borne carcinogen PhIP, which was previously shown to be genotoxic, giving rise to bulky C8-dG DNA adducts upon metabolic activation (9, 45, 46) . Although PhIP is involved in dietary cancer formation (16, 20, 47) , little is known about the DDR elicited by this carcinogen. We hypothesized that PhIP DNA adducts may induce replication stress by stalling replicative polymerases during S-phase. First, we demonstrate that the PhIP-induced DNA adducts and DNA strand break formation strictly rely on the metabolic activation of PhIP by CYP1A2 and SULT1A1, supporting previous studies (45, 48) . At high doses of this dietary carcinogen (>1 M), C8-PhIP-dG adducts accumulated over time. In contrast, a low dose of 1 M N-OH-PhIP caused a maximum adduct level after 8 h followed by a 50% reduction after 24 h, thus indicating ongoing NER. The generation of C8-PhIP-dG adducts, which are the main PhIP-DNA adducts (49) , was accompanied by the induction of DNA strand breaks in V79 CS and Caco-2 cells. The level of DNA strand breaks strongly declined in PhIP-treated V79 CS cells after 48 h, despite a further increase of the adduct levels after 36 and 48 h. This may be a result of the decreased cell proliferation due to PhIP-dependent growth arrest and might imply that DNA replication is necessary for PhIP-dependent DNA strand break formation.
PhIP as well as its metabolite N-OH-PhIP triggered an ATR-dependent DDR, as evidenced by the phosphorylation of CHK1 and H2AX, and was shown to correlate closely with the kinetics of DNA damage induction. The ATR-mediated DDR showed a later onset than after UV irradiation, which immediately activated ATR-CHK1 signaling. This is in agreement with a previous study in HeLa cells exposed to UV-C light (50) . These N-OH-PhIP-dependent effects were observed in metabolically proficient V79 cells, Caco-2 and HCT116 colorectal cancer cells as well as in non-transformed human colonic epithelial cells (HCEC). The reduced ␥ H2AX formation observed in HCEC might be attributable to a lower SULT1A1 expression, resulting in weaker metabolic activation of N-OH-PhIP and DNA adduct formation. Another explanation might be a smaller population of S-phase cells in HCEC, which would affect the levels of N-OH-PhIP induced replication stress and strand breaks.
It was previously shown that, apart from replicationdependent activation, bulky adducts are capable of directly activating the apical DDR kinases. Using human purified proteins, plasmid DNA with bulky adducts induced by Nacetoxy-2-acetylaminofluorene (N-acetoxy-AAF) and UV light was revealed to activate ATR in a TopBP1 (topoisomerase IIb binding protein 1)-dependent manner and stimulated CHK1 phosphorylation (51, 52) . Further studies performed with cell free extracts provided evidence that plasmid DNA harboring bulky adducts introduced by Nacetoxy-AAF or benzo[a]pyrene diol epoxide can also directly engage ATM and DNA-PK cs , contributing to CHK1 phosphorylation (53) . To address this issue, we conducted experiments with serum-starved cells treated with either N-OH-PhIP or ETO and compared those with cells grown under normal conditions. Our findings revealed a reduction of both CHK1 and H2AX phosphorylation, indicating that ATR activation occurs in a rather replicationdependent manner. This is also supported by our DNA fiber assay, which unveiled the N-OH-PhIP-dependent induction of stalled replication forks, a well-known trigger of ATR activation (27) . Whether C8-PhIP-dG adducts also directly activate ATR or other PIKKs remains to be shown in future studies using cell extracts and plasmid DNA harboring PhIP adducts.
In line with the activation of ATR-CHK1 signaling, N-OH-PhIP led to the formation of RPA foci and strongly reduced the average replication fork speed with a concomitant increased number of stalled forks as shown by a DNA fiber assay. At the same time, CHK2 phosphorylation was detected. This effect could be due to a direct ATM activation or could be generated by the endonuclease-mediated cleavage of stalled replication forks, leading to DSBs and ATM activation. In support of this notion, N-OH-PhIP moderately caused ATM phosphorylation and induced DSBs. Our findings show that (N-OH-)PhIP triggers both the ATR-CHK1 and, to a lesser extent, the ATM-CHK2 pathway, both of which are known to converge on the tumor suppressor protein p53 (54) . However, Caco-2 cells harbor one deleted and one mutated p53 allele, resulting in the absence of p53 protein expression (55) . Therefore, isogenic HCT116 cells proficient and deficient for p53 were used, revealing a p53 induction upon N-OH-PhIP exposure, which was associated with the upregulation of the cell cycle regulator p21 in a p53-dependent manner. Notably, the stabilization of p53 and the increase of p21 levels were also detected in HCEC. This observation is in agreement with previous studies performed in TK6 lymphoblastoid cells and MCF10A human mammary epithelial cells co-cultured with metabolically competent cells (14, 56) . Interestingly, HCT116-p53 −/− cells displayed a slightly higher viability than their wildtype counterpart following PhIP exposure, which might be attributed to decreased p53-mediated apoptosis or to the loss of p21 induction.
We further demonstrate that the pharmacological abrogation of ATR signaling largely blocked the N-OH-PhIPdependent CHK1 phosphorylation, this effect being accompanied by a robust activation of the ATM-CHK2 pathway and elevated DSB levels. This is in agreement with another report showing an accelerated formation of DSBs upon replication stress in ATR-deficient cells, resulting in the engagement of ATM and DNA-PK (57). Furthermore, an increased RPA phosphorylation at Thr-21 was observed following an incubation of Caco-2 cells with N-OH-PhIP and the ATR inhibitor. This points to an activation of DNA-PK, since phospho-modification of RPA at Thr-21 is almost exclusively catalyzed by DNA-PK, while ATM plays, if at all, a minor role (43) . To determine the role of the other PIKKs ATM and DNA-PK cs in PhIP-dependent DDR, specific pharmacological inhibitors were used. As expected, ATM inhibition hardly affected RPA-Thr21 and CHK1 phosphorylation in response to N-OH-PhIP. However, ATM inhibition slightly increased ␥ -H2AX formation following N-OH-PhIP treatment, thereby suggesting an upregulation of DNA-PK activity. In turn, we found that DNA-PK cs inhibition resulted in a marked reduction of CHK1 phosphorylation induced by N-OHPhIP. This indicates a contribution of DNA-PK to N-OHPhIP-induced CHK1 phosphorylation. Interestingly, a recent study demonstrated that DNA-PK is required for full activation of ATR-CHK1 signaling upon replication stress and a compromised CHK1 phosphorylation in DNA-PK cs defective cells (58) . While ATM inhibition does not impact on the viability in N-OH-PhIP treated cells, pharmacological or genetic ablation of DNA-PK cs slightly elevated viability, which might point to an involvement of DNA-PK in N-OH-PhIP induced cytotoxicity. In a next step, we analyzed whether ATR protects against the detrimental consequences of PhIP-induced replication stress. PhIP and its metabolite N-OH-PhIP reduced the viability of V79 CS, Caco-2 and HCT116 cells, which is consistent with previous studies using co-cultures of a metabolically active cell line and a target cell line (14, 56) . Intriguingly, inhibition of ATR greatly sensitized cells towards the cytotoxic effects of N-OH-PhIP as confirmed by viability assays and cell death measurements in both CRC cell lines and non-transformed HCEC. This is in agreement with the notion that ATR is indispensable for fork stability and fork restart upon sustained replication stress. ATR signaling abrogation or failure causes RPA depletion due to the continuous production of ssDNA and finally results in the formation of DSBs and replicative catastrophe (59) . The increased sensitivity upon ATR inhibition was independent of the p53 status, which was demonstrated in isogenic p53-wt and p53-null HCT116 cells. Cell death measurements provided evidence that N-OH-PhIP triggers mainly apoptotic cell death, which is potentiated in the presence of ATR inhibition. We therefore conclude that ATR-CHK1 signaling is a survival pathway that limits detrimental replication stress induced by N-OHPhIP, which is line with the notion that both ATR and ATM balance pro-survival and pro-death pathways upon DNA damage (60) . Further studies are required to reveal the pre-cise mechanism of PhIP-induced cell death and to analyze the role of alternative death pathways, such as necrosis.
To elucidate the contribution of PhIP-induced replication stress to chromosomal instability, chromosomal aberrations were assessed in HCEC carrying a normal karyotype. These experiments showed that N-OH-PhIP moderately increased both the frequency of cells with aberrations and the number of aberrations per metaphase. The concomitant pharmacological abrogation of ATR dramatically increased the chromosomal instability induced by N-OH-PhIP, thus highlighting the pivotal role of ATR in the PhIP-triggered replication stress response and the maintenance of genome integrity. Interestingly, replication stress has recently emerged as an important factor leading to chromosomal instability (CIN) during malignant transformation, as shown in CIN+ versus CIN-colorectal carcinoma cells (61) . By triggering replication stress, PhIP is able to induce DSBs and thus promotes chromosomal instability, in particular if ATR signaling is compromised as demonstrated here. Heterozygous loss of ATR renders cells hypersensitive to genotoxic stress, leading to fragile site instability and chromosomal aberrations (62) . Furthermore, somatic mutations in ATR and CHK1 were identified in human tumors with microsatellite instability (63, 64) . Therefore, it is reasonable to posit that ATR might play a role in the protection against PhIPinduced colorectal cancer.
In conclusion, we demonstrate for the first time that the dietary carcinogen PhIP triggers DNA damage-dependent replication stress, with ATR, but not ATM and DNA-PK, playing a central role in the protection against the detrimental effects induced by this food-borne carcinogen. Screenings of colorectal tumor specimens as to a deregulation in the ATR-CHK1 signaling axis are warranted, which may provide further insight into the mechanism underlying dietary-induced CRC formation.
